To investigate the stability characteristic of hypersonic flow under the action of a freestream pulse wave, a high-order finite difference method was employed to do direction numerical simulation (DNS) of hypersonic unsteady flow over an 8 • half-wedge-angle blunt wedge with freestream slow acoustic wave. The evolution of disturbance wave modes in the boundary layer under a pulse wave and a continuous wave are compared, and the wall temperature effect on the hypersonic boundary layer stability for a pulse wave disturbance is discussed. Results show that, both for a pulse wave and a continuous wave in freestream, the disturbance waves inside the nose boundary layer are mainly a fundamental mode; the Fourier amplitude of pressure disturbance mode in the boundary layer for a pulse wave is far less than that for a continuous wave, and the band frequency of the former is wider than that of the latter. All disturbance modes decay rapidly along the streamwise in the nose boundary layer. In the non-nose boundary layer, the dominant mode is transferred from fundamental mode into second harmonic. The transformation of dominant mode for a pulse wave appears much earlier than that for a continuous wave. Different frequency disturbance modes present different changes along streamline in the boundary layer, and the frequency band narrows around the second harmonic mode along the streamwise. Keen competition and the transformation of energy exist among different modes in the boundary layer. Wall temperature modifies the stability characteristic of the hypersonic boundary layer, which presents little effect on the development of fundamental modes and cooling wall could accelerates the growth of the high frequency mode as well as the dominant mode transformation. 
Introduction
It is well known that disturbances exist widely in flow fields which affect the aero thermodynamic performances of flow and cause structural strength challenges as well as problems of thermal protection in flying vehicle de-sign. For instance aircraft subjected to blast loading and gusts [1] , flow no uniformity [2] , and opposing jet being employed in hypersonic vehicle thermal protection design [3, 4] . Laminar-turbulent transition is not only a matter of thermal loads, but also of viscous drag and airframe/propulsion integration. The uncertainty of the location of laminar-turbulent transition effects the take-off mass of the vehicle [5] . Since laminar-turbulent transition of boundary layers presents a significant influence on the aero thermodynamic performances of flying vehicles, the prediction of transition plays a critical role in aerodynamic design. The transition process is determined by the development of an unstable wave in the boundary layer. Therefore, it is indispensable to understand the development of a disturbance wave in the boundary layer. Although a series of studies have been performed over the past decades, transition prediction is still not fully reliable and the mechanism of hypersonic boundary layer transition is still not understood. The N method is used widely in transition prediction which does not consider the initial generation of disturbance which has an important influence on boundary layer receptivity [6, 7] . Receptivity mainly focuses on how the forcing environmental disturbances enter into the boundary layer, and analyzes the production and development of unstable waves in the boundary layer. It is significant to understand and predict transition [8] . Thus, the investigation of the receptivity mechanism is extremely important for improving the transition prediction method. Some researches focusing on the receptivity effects on the stability of the boundary layer have been conducted. A. Dipankar and T.K. Sengupta [9] established a numerical procedure to capture the equilibrium solution and subsequently studied its receptivity to vortical perturbation introduced, and then explained the vortex-induced instability. Yury S. Kachanov [10] reviewed the results of some studies devoted to the problem of receptivity of the boundary layers with respect to various external perturbations, and concentrated on the mechanisms of excitation and development of stationary and travelling instability modes. Sebastian Bake et al. [11] investigated experimentally and theoretically the 3D receptivity of 2D laminar boundary layers to localized surface vibrations. Mark W. Johnson [12] studied numerically the receptivity of a zero pressure gradient boundary layer subject to simple freestream waveforms which are the constituent parts of a turbulent flow field.
In recent years, the investigations on the stability and transition of hypersonic boundary layers have mainly been based on direct numerical simulation (DNS) and the linear stability theory [13] . These mainly consider the growth and decay of normal modes in hypersonic boundary layers, and maintain that the transition is a result of exponential growth of the most unstable normal modes. This is the foundations of the N method [14] . A series of experimental and numerical studies focusing on boundary layer stability have been performed. Michail N. Kogan et al. [15] carried out experiments to study the response of a boundary layer to steady vortices normal to the leading edge at a plate with a blunt nose. They found that the wake vorticity field deformation at the flow around the leading edge plays a decisive role in streamwise vortex formation above the boundary layer and boundary layer distortion. Wang et al. [16] investigated the response of a hypersonic boundary layer to wall blowing-suction. Stetson et al. [17] investigated the hypersonic boundary layer stability of a blunt cone with 7
• half-cone-angle and zero angle of attack and found the unstable second modes are dominant disturbance waves. Zhong et al. [18] studied the mutual resonant interaction between the boundary layer wave modes and the linear instability characteristics. Actually, most of this research focused on the receptivity to continuous weak disturbance in freestream, the development of disturbance waves in the boundary layer, the effects of surface roughness, and acoustic radiation on laminar-turbulent transition of the boundary layer. There is little research focused on the interaction between pulse wave, hypersonic flow and the boundary layer, or disturbance mode evolution in the boundary layer for pulse waves in freestream. Whereas, the pulse waves also exist in the flow field, for instance aircraft subjected to blast shock waves, and the evolution mechanism of disturbance waves and the boundary layer stability characteristic under freestream continuous disturbance is rather different from that of the non-continuous wave. Since disturbance mode evolution in the boundary layer for a freestream pulse wave plays an important role in determining the stability of the hypersonic boundary layer, and the evolution mechanisms are still not well understood, it is necessary to further investigate the receptivity and boundary layer stability for a freestream pulse wave. Most of the studies on the stability of supersonic or hypersonic boundary layers are based on adiabatic wall. However, many cases are proximately isothermal walls or between isothermal and adiabatic [14] . Some researchers have found that the wall temperature plays a critical role in determining boundary layer instability [19] [20] [21] [22] . Thus, the investigation of the wall temperature effect has important realistic meanings. Laderman [19] confirmed wall temperature has a deep influence on unstable waves in the boundary layer and laminar-turbulent transition through an experimental method. Reinartz et al. [20] investigated the distributions of heat flux, pressure and friction factor in the hypersonic vehicle's inlet for different wall temperature conditions. Their results show that the influence on heat flux and friction factor of air is large while the influence on pressure is tiny. Stetson [21] experimentally showed that cooling the surface stabilized the first mode disturbance and destabilized the second mode disturbance. The second mode disturbance growth rates on the cooling surface were larger than that on the uncooled surface and the transition Reynolds number of the cooling surface was less than that of the uncooled surface. Brown et al. [22] investigated the wall temperature effects on boundary layer separation being induced by shock waves, and found that the separation measure grows with the increase of the ratio of wall temperature to freestream temperature. Although the action of freestream pulse waves on the hypersonic flowfield is different from the investigations as discussed earlier, it can be confirmed that wall temperature has some influence on the hypersonic boundary layer for the action of freestream pulse waves. Since systematic numerical simulation is still rare in this area, it is necessary to investigate wall temperature effects on hypersonic boundary layer stability.
In this paper, the stability of the hypersonic boundary layer under the action of freestream pulse waves is investigated and the wall temperature effect is explored. Based on a blunt wedge with 8 
Numerical methods
For flow numerical simulations, compressible N-S equations are transformed into general curvilinear coordinates (ψ,φ) from the Cartesian coordinates (x,y). In order to accurately simulate a hypersonic unsteady flow filed, a high order method is required. However, it is well known that approximating a discontinuous function by a higher-order polynomial, generally introduces oscillatory behavior near the discontinuity, and this oscillation increases with the orders of the approximation [23] . Recently, high-order essentially weighted non-oscillatory (WENO) and improved WENO methods have been widely implemented in the DNS of compressible turbulent flows showing strong robustness and high resolution [24] . The validity of WENO methods in direction numerical simulation of channel turbulence is also confirmed by Rai et al. [25] . It should be mentioned that the discontinuity is an important feature in a hypersonic unsteady flow filed with slow acoustic wave pulse disturbance, while the WENO method is able to keep the higher order approximations in smooth regions and to eliminate or suppress the numerical oscillatory behavior near the discontinuities. Also the high order total variation diminishing (TVD) Runge-Kutta time discretization has the advantages that can maintain the TVD property and higher order accuracy in time. Therefore, a high order direct numerical simulation method is employed in this study. Details of the high order method are described in the following. Using the third order RungeKutta TVD type method [26] for time advancement and the Stager-Wariming splitting method [27] to split convection terms, the high-order finite difference direct numerical simulation method is utilized to solve compressible N-S equations. Convection is discretized with 5th order upwind WENO scheme [26] [27] [28] , which makes it a valuable method with tiny dissipation error and tiny dispersion error; while viscous terms are discretized with a 6th order center difference scheme [28] . To avoid numerical pollution on the accuracy of interior grid points, the 5th order WENO weighted scheme is used in both the boundary point of convection terms and that of viscous convection terms. It should be mentioned that stabilization methods such as streamline diffusion, cross wind and isotropic diffusion are widely employed for convergence of iteration [29] , and many stabilization techniques have been discussed [29, 30] . Since the DNS algorithm used this paper shows good convergence in the following simulations, the stabilization technique is not employed. In order to validate the code used in this paper, the numerical simulations have been performed for hypersonic flow at a freestream Mach number of 7.1 over a 0
• half-coneangle. The shock standoff distance from a blunt body is compared with A. Prakash's simulations [31] and Lobb's experimental results [32] and the results agree well, as shown in Fig. 1 . This indicates the numerical scheme used in this paper maintains well in capturing shock waves. In addition, a hypersonic unsteady flow field under a freestream disturbance wave was also solved and the second har- monic mode of pressure disturbance in the boundary layer was compared with Zhang's result [33] . Results show a good agreement between our numerical results with literature [33] , as shown in Fig. 2 . Therefore, it is believed that the numerical method used in this paper is reliable.
Computational model and conditions
To investigate the effects of slow acoustic wave on the hypersonic flowfield, numerical simulations were performed for hypersonic flow at a freestream Mach number of 6.0 over an 8
• half-angle-wedge (θ) with blunt noses radius =1 mm. No-slip and no-penetration wall conditions were enforced at the wall surface. Considering the symmetric geometry,a symmetry condition was employed at the x-axis and only the flowfield over the upper surface of the blunt wedge was simulated. The calculations were resolved using a grid size of 300×120 (ψ,φ), where ψ and φ represent downstream and wall-normal coordinates, respectively. A stretching method was used in the wallnormal direction in order to cluster more points inside the boundary layer and nose region. Fig. 3 shows the mesh grid, the grid size in the vicinity of the boundary layer and the nose region is partial zoomed. The highly refined grid in the vicinity of the boundary layer and the nose region is shown by the translated Cartesian coordinates in the partial enlargement grid from Fig. 3 . This provides sufficient resolution for capturing the strong bow shock wave in the nose region as well as the strong shearing flow in the boundary layer. The mesh grid density in this paper matches that in the investigations [31, 33] with a similar numerical model conducted by Zhang et al. and A. Prakash, while the disturbance waves in their investigations are far weaker than that in the paper, and the former is simulated accurately. So, it can be considered that the grid density in present numerical calculation is sufficient. Meanwhile, the stretching method used is also employed in the solutions of Fig. 1 and Fig. 2 . Results show the current numerically computed bow shock agrees well with Lobb's and A. PraKash's, and the second harmonic mode profile agree well with Zhang's. Therefore, it is believed that the stretching method used in the paper is reliable. The Reynolds number, Re = ρ ∞ ∞ /µ ∞ , based on freestream parameters and the wedge's head radius, is equal to 10000, the wedge's head radius to 1 mm, and freestream temperature T ∞ to 169 K. Subscripts ∞ and denote the freestream wall condition, respectively. The parameters used in the paper are dimensionless. The details are expressed as follows: velocity, length scales, density ρ, pressure P, temperature T and time are non-dimensionalized by freestream velocity, nose radius , freestream density ρ ∞ , ρ ∞ 2 ∞ , freestream temperature T ∞ and / ∞ , respectively. The wave fields are represented by disturbances of instantaneous flow variables with respect to the local steady base flow variables at the same location and can be expressed as follows:
where L( ) are the instantaneous flow variables [28] that are obtained by solving the compressible NavierStokes equations for the unsteady flow under freestream disturbances. The variables L 0 ( ) are the steady mean flow variables [28] that are obtained by solving the compressible Navier-Stokes equations for the steady flow without freestream disturbances. The variables L( ) and L 0 ( ) can be presented as the all flow variables (for example, pressure, temperature, density, friction factor on wall) in the instantaneous flow and the steady mean flow, respectively. After the steady flowfield without disturbance is computed, a slow acoustic wave is introduced to the upstream end of the computational domain to do direction numerical simulation of hypersonic unsteady flow at = 52( ∞ / ). ∞ is the freestream velocity, and = 52( ∞ / ) corresponds to dimensionless time = 52 0. For the pulse wave disturbance, the length of time is 2 0( ∞ / ), namely 1/2 cycle. The form of the disturbance wave employed can be expressed as follows:
where , , , and ρ are the disturbance values of velocity along axis-x, velocity along axis-y, pressure and density, respectively; A = 6 × 10
, F = 50π, M = 6 0 and t are amplitude, wave number, generalized frequency, freestream Mach number and time, respectively. A fitted coordinate system is employed to represent the distance from the points on the generatrix of the blunt wedge to the stagnation point. The relationship between Cartesian coordinates and fitted coordinate system can be expressed as follows:
Numerical results and discussions 4.1. Effects of pulse wave on hypersonic flowfield
To investigate the effects of a pulse disturbance on the hypersonic flowfield at Mach 6, the process of interaction of the freestream slow acoustic wave with the hypersonic flow is numerically simulated. Fig. 4 shows a comparison of the shock wave profile at different times. The bow shock wave is extracted for Mach 6 freestream without pulse wave, as shown in Fig. 4(a) . The pressure contours at t=52.0, 55.0 and 57.0 are shown in Fig. 4(b) , (c) and (d), respectively. It clearly indicates that there exists a strong interaction between pulse wave and bow wave, and bow shock is bent outwards under the action of the freestream pulse wave, as the rectangle mark shown in the Figure. . As shown, the wave fields change sharply when they are subject to a slow acoustic wave pulse disturbance. The contour shows that the pulse wave behind the bow shock enters the boundary layer and interacts with the disturbance in the boundary layer. There is a boundary between the disturbance waves outside and inside the boundary layer. It indicates the disturbance's patterns outside and inside the boundary layer are different. As is observed in the contours, a diagonal strip area can be seen in flowfield where the instantaneous flow variables are significantly affected. It is obvious that owing to the difference of the propagation speed of disturbance wave, the diagonal strip area is present. The difference of the propagation speed is determined by the difference of the streamwise velocity. Fig. 6 shows the contours of instantaneous disturbances of velocity along axis-x and axis-y for 6 Mach flow over a blunt wedge under a freestream pulse wave. The instantaneous velocity disturbances on the areas of interaction of disturbance wave with the bow shock, outside and inside the boundary layer where velocity is significantly affected, and form different velocity disturbance modes. It indicates the velocity disturbance modes outside and inside the boundary layer are also different. The gradient of instantaneous disturbances of velocity inside the boundary layer along axis-x and axis-y is sharp, which indicates that complex interferences exist. The greater reason for which is that disturbances move back and forth between shock and nose, and interact strongly with intensive shearing flow in the boundary layer. The disturbances behind the bow shock enter the boundary layer; one part of the disturbance wave propagates along the direction of flow, and the other repeatedly moves between shock and nose [14] . The reciprocating motion of the disturbance wave is continual for a continuous wave, while the number of motions is limited for the pulse wave due to viscous dissipation. It should be pointed out that when the pulse wave leaves an area, the disturbances of instantaneous flow variables behind the bow shock still exist, as the mark V shown in Fig. 5 and Fig. 6 . This is the result of the reflection between bow shock and wall. The shock wave enlarges the reflected wave. However, due to viscosity, the magnified wave will be dissipated while travelling along the direction of flow after reflection. Thus, it is only present near the bow shock. Zhang et al. [33] studied the evolution of continuous and weak disturbance waves in hypersonic flow by using DNS. They found that, because of the shock wave, the forcing disturbance in freestream is enlarged significantly. Fig. 5 and Fig. 6 clearly indicates that the amplitude of the disturbance wave on the wall is enlarged sharply relative to that of initial distur- exists between the wave's patterns outside and inside the boundary layer. It is believed that this is due to the differences between the disturbance wave interacting with the shock wave and with the boundary layer. This is an essential difference between a boundary layer and a shock wave where a streamline that enters a shock wave comes out again downstream, whereas a streamline that enters a boundary layer remains within a zone of shear. This leads to the disturbances behind the bow shock being enlarged sharply, and the disturbance waves introduced into the boundary layer being damped out [5] . After the disturbance enters the boundary layer, unstable disturbance waves with different modes are induced; the induced disturbance wave further interacts with the boundary layer and finally generates the most unstable mode dominating the transition [14] . Fig. 7 shows a schematic diagram of the flowfield under a freestream disturbance. Based on the above analysis result, the reflection between bow shock and wall will affect the evolvement of wave modes in the blunt wedge boundary layers. The evolvement of wave modes will be discussed in a subsequent section.
Analysis of wave modes in the blunt wedge boundary layers
In this section, the above figures are discussed in order to study the variation of the flow variables in the boundary layer for 6 Mach flow over a blunt wedge under freestream pulse wave and along the wall surface at different times ( =53.0, 54.0, 55.0, 56.0, 57.0, 58.0, 59.0, 60.0 and 61.0). Fig. 6(a) , obtained from the unsteady simulation under the slow acoustic disturbance wave with amplitude A = 0 06, shows the comparison of the friction factor disturbance C ( ) on the wall surface at different times. It shows that, as the disturbance wave rapidly propagates from upstream to downstream, the friction factor changes sharply. When the flow field is subject to the semi-sinusoidal shape of the pulse disturbance wave, the friction coefficient disturbance increases and then decreases, the shape of which is similar to disturbance wave. However, when the pulse disturbance wave passes through entirely, the effect remains. Furthermore, the disturbance amplitude undergoes a damped oscillation until the amplitude decreases to 0. It is due to, as noted earlier, the reflection of the disturbance wave between bow shock and wall. The figure shows that the variation on the nose of the blunt wedge is different from that on the non-nose, which is obviously caused by the difference in configuration. In addition, under the action of the pulse wave in freestream, the structure of shearing flow is changed due to the variation of skin friction coefficient and other flow variables. E. M. Hirschel [5] investigated the qualitative behavior of wall shear stress along the surface of aircraft, and found the wall shear stress changes the thermal surface state, which affects the thermal conduct mechanism in the boundary layer. The thermal surface state has a strong back-coupling to the state of the boundary layer. The behavior of hydrodynamic stability and laminar-turbulent transition are also affected by the thermal state of the surface [5] . In the investigation on the stability of hypersonic boundary layer for the action of continuous and weak wave in freestream [14] , it was confirmed that the thermal conduct mechanism of shearing flow plays an important role in determining the evolution of the disturbance wave modes and the stability of the boundary layer. Fig. 6(b) shows comparisons of the heat flux normal to the wall surface at different times during the disturbance process. It can be found that the variation trends of heat flux and that of friction factor appear to be a similar relationship in spite of some tiny discrepancies. The disturbance amplitudes of friction factor and heat flux on the wall surface differ from each other. It can be clearly observed that the heat flux along the normal direction of wall surface develop with time when it is subject to slow acoustic wave pulse. Due to the surface curvature discontinuity, flows show overexpansion in the junction region(x=-cos(π/2-θ)=-0.1392, s=π/2-θ=1.4312) between the spherical nose and the straight cone [14] , and an expansion fan at the blunt cone will be generated. As a result, before the flow is recompressed and the amplitudes of friction factor disturbance C ( ) and heat flux disturbance H ( ) increase along the down-stream cone surface, the amplitudes of C (
) and H ( ) still decrease along the surface location after the junction region (-0.1392<x<0.5), as shown in Fig. 8 . Obviously, it can be found that the thermal conduct mechanism in the boundary layer is changed significantly due to the action of the pulse wave. It is reasonable to believe that the stability of boundary layer for the action of the pulse wave will be affected, although the influence mechanism of is evidently different with that of continuous wave.
As discussed earlier, it has been verified that the disturbance amplitude of flow variables will undergo a damped oscillation during the disturbance process in spite of the fact that there is just a half sinusoidal pulse of slow acoustic wave in freestream. From Fig. 8 , it can be found that the distance between crests as well as troughs of the disturbance variables changes markedly during the damped oscillation process. Hence, it is obvious that the disturbance wave mode varies rapidly along the streamlines. The evolution of the disturbance mode in the boundary layer plays a pivotal role in determining the laminarturbulent transition [32, 34, 35] . Some research has been conducted into the interaction between hypersonic flow and continuous disturbance wave as well as the mode evolution of disturbance waves in recent years. However, the mode evolution of a continuous disturbance wave differs greatly from that of a pulse wave. To analyze the hypersonic boundary layer for the effect of the pulse wave, Fourier transformation was carried out to decompose the signal of pressure disturbance in the boundary layer, and then the development of the unsteady disturbance wave's mode in the boundary layer was studied. The Fourier transformation is Fig. 9 shows the comparison of Fourier frequency spectral analysis of pressure disturbance in the boundary layer for 6 Mach flow over a blunt wedge under pulse wave and continuous wave. a) For pulse wave and continuous wave, the Fourier amplitude of pressure disturbance mode frequency less than 0.5 (dimensionless frequency, same as below) reduces rapidly, and the Fourier amplitude of pressure disturbance mode frequency greater than 0.5 continues to increase when > 2 80255, especially the disturbance mode with = 0 5. b) The Fourier amplitude of pressure disturbance mode for pulse wave is much smaller than that for continuous wave. This is owing to the fact that the energy of excitement for pulse wave is temporary while that for continuous wave is persistent. c) Disturbance mode in boundary layer for continuous wave with single frequency is distributed mainly near the fundamental frequency and harmonic frequency of all orders, and the amplitude of other frequency modes is extremely small. However, for pulse wave with single frequency, disturbance modes in the boundary layer include fundamental frequency, harmonic frequency of all orders and other frequency modes. In other words, the frequency band for a pulse wave is wider than that for a continuous wave. This shows that the disturbance energy is transferred from both fundamental frequency and harmonic frequency to other modes, resulting in the amplitudes of other modes increasing sharply. This is an important reason for the amplitudes of both fundamental frequency and harmonic frequency under pulse wave being much smaller than that under continuous wave. Fig. 10 shows a comparison of the distance of dominant mode transformation for 6 Mach flow over a blunt wedge under a continuous wave and a pulse wave. When > 1 9, the amplitude of the second order harmonic frequency is larger than that of fundamental frequency, making the second order harmonic frequency the dominant mode in the boundary layer. Meanwhile, it can be found that the transformation of the dominant mode for a continuous wave appears near = 5 5. It can be concluded that the transformation of the dominant mode for a pulse wave appears much earlier than that for continuous wave, though the Fourier amplitude of the former is much smaller than that of the latter. . Both for fundamental mode and the second order harmonic frequency, the FFSA amplitudes inside the nose boundary layer are larger than that in the non-nose boundary layer. The FFSA amplitudes of the fundamental mode are much larger than that of the second or high order harmonic frequency modes inside the nose boundary layer. This indicates that waves inside the nose boundary layer are mainly a fundamental mode, which agrees well with Zhang et al.'s results [33] . It can be clearly observed that, both for the fundamental frequency and harmonic frequency, the FFSA amplitudes of different modes in the boundary layer for a pulse wave are much smaller than those for a continuous wave. This indicates the development of the unstable modes of the former in the boundary layer is far beneath that of the latter. It is worth mentioning that the amplitude of the fourth and sixth harmonic frequency for a pulse wave is larger than that for a continuous wave. We prefer to maintain that the phenomenon caused by the transformation of disturbance energy between different modes noted earlier in the boundary layer for the action of a pulse wave.
Therefore, the evolution mechanism of continuous disturbance in the boundary layer is quite different from that of a non-continuous wave. Since the disturbance mode evolution of a pulse wave in the boundary layer also plays an important role in determining the boundary transition under the action of a pulse wave and the evolution mechanisms are still not thoroughly understood, it is essential to investigate the problems of disturbance mode evolution of a pulse wave in the boundary layer. In this section, the temporal signal of pressure disturbance is reduced to a frequency domain signal by using Fourier transformation. Fig. 12 shows the Fourier frequency spectral analysis of the pressure disturbance in the boundary layer for 6 Mach flow over a blunt wedge at different locations. As seen, a) The Fourier amplitude of pressure disturbance at = 0 92616 ( < π/2, the nose region) is greater than that at other locations. This is mainly due to the fact that the forcing disturbance is enlarged significantly by the normal shock on the nose region, and the enlargement is enhanced continuously in the shock layer where a strong oscillating wave moves back and forth between normal shock and nose [14] while the enlargement is weak due to the oblique shock wave on the non-nose region. b) When 0 92619 < < 2 80255, the Fourier amplitude of pressure disturbance mode with lowfrequency reduces and the dominant mode shifts to high frequency rapidly. The Fourier amplitude of pressure disturbance mode with low-frequency ( < 0 4) is larger than that with high-frequency, which means that the dominant mode is low-frequency mode. Meanwhile, the ratio between low frequency component and high frequency component transforms quickly along the flow direction in the area. When > 2 80255, the dominant mode in boundary layer is about = 0 5. c) During the development of disturbance wave along the streamline in the boundary layer, various tends are revealed for the different frequency disturbance modes, such as continuous growth, decay, and first growth and then decay.
Effects of wall temperature
Laminar-turbulent transition in high-speed flow is a phenomenon with a multitude of possible instability mechanisms, which depend on flowfield parameters and vehicle surface properties, including the thermal state of surface. There has also been reciprocal influence between the state of the boundary layer and the thermal state of the surface, hence the behavior of hydrodynamic stability are affected by wall temperature [5] . Fig. 13 shows the comparison of the tangential velocity along wall-normal line for different wall temperatures at different locations with (a) for s=1.04530 and (b) for s=3.61399. The figure shows that boundary layers for adiabatic wall are thicker than that of the cold wall at the same locations, which agrees with Liang et al.'s results [14] . The boundary layer becomes thicker with increasing wall temperature. Mack [13] confirmed that the thickness and instability characteristic of the boundary layer are highly correlative. Also some investigations on hydrodynamic stability have been conducted under freestream continuous disturbance, and have found that wall temperature acts a critical role in determining boundary layer instability [19] [20] [21] [22] . However, the effects of wall temperature on hypersonic flow instability under a freestream continuous wave vary significantly from those under a freestream pulse wave. Fig. 14 shows the comparison of friction factor disturbance C ( ) distribution for 6 Mach flow over a blunt wedge under different wall temperatures (T = 200 K 500 K 800 K and adiabatic wall). It can be seen that the variations of friction factor disturbance on wall surface for different wall temperature conditions appear to be a similar relationship. Nevertheless, the discrepancies of disturbance amplitude between different wall temperature conditions are significant. The disturbance amplitude becomes larger with increasing wall temperature, and the disturbance amplitude for adiabatic wall is the biggest. As the disturbance wave travels from upstream to downstream, the friction factor disturbance in the nose boundary layer both for the four wall temperature conditions appears oscillatory behavior at = 57 0 59 0 and 61 0 on account of the reflection of the disturbance wave between bow shock and wall [14] . Since friction factor is a characteristic variable of shearing flow, the structure of shearing flow is significantly affected by wall temperature condition. This changes the thermal conduct mechanism in the boundary layer according to the discussions in section 4.2.
Since entropy is a typical variable in characterizing thermodynamics, the comparison of entropy disturbance distribution for 6 Mach flow over a blunt wedge under different wall temperatures is shown in Fig. 15 . The figure shows there are obvious differences of entropy disturbance between different wall temperature conditions. It indicates the wall temperature has a crucial influence on the thermodynamics feature in the boundary layer. The differences of wall temperature will lead to differences of disturbance wave evolution in the boundary layer, and they would also affect the stability of the boundary layer as well as laminar-turbulent transition according to Laderman and Stetson et al.'s argument [19] [20] [21] . Fig. 16 shows the Fourier frequency spectral analysis of surface pressure disturbance along streamwise for 6 Mach flow over a blunt wedge under different wall temperatures. As shown, for the four wall temperature conditions, the amplitude of the low frequency mode with = 0 25 changes slightly in the non-nose boundary layer, that is to say, the growth rate of fundamental mode is very small or none along the streamwise. When > 2 80255, the amplitude of the second harmonic mode ( = 0 5) continues to grow along the streamwise, which makes its amplitude larger than the amplitude of fundamental mode and rapidly makes the second harmonic mode the dominant mode in boundary layer. With the evolution of the disturbance wave along the streamwise, the frequency band becomes narrower. At the initial stage of the evolution of disturbance wave in the non-nose boundary layer, all the harmonic modes increase along the streamwise. As the disturbance wave in the boundary layer along the streamwise evolves, the frequency band becomes narrower. All harmonic modes but the disturbance mode with = 0 5 are restrained to grow. Some of these remain stability and some grow, also some disturbance waves even decay. These indicate the development of dominant mode has a suppression effect on that of certain specified modes. Keen competition exists among different modes in the boundary layer. Fig. 17 shows the comparison of transfer position of dominant mode for 6 Mach flow over a blunt wedge under different wall temperatures. It can be observed that the larger the wall temperature is, the later the transformation of dominant mode in boundary layer is. When T = 800 K, the transformation position of dominant mode is close to that for adiabatic wall. It indicates that cooling surface accelerates the dominant mode transferring from the fundamental mode to make the second harmonic mode.
It can be observed that the development of disturbance modes in the nose boundary layer is affected slightly by wall temperature. In general, cooling wall enhances the amplitude of disturbance in the non-nose boundary layer, and the growth rate of high frequency for cooling wall is larger than that for high temperature wall, which indicates cooling wall would accelerate the growth of the disturbance mode with high frequency. The amplitude difference of the disturbance mode with = 0 25 between adiabatic wall and isothermal wall is tiny. The amplitudes of the disturbance mode with = 0 5 for adiabatic wall is smaller than that for isothermal wall. The amplitudes of other modes for adiabatic wall are intermediate between cooling wall and high temperature wall. In summary, cooling wall can accelerate the growth of harmonic modes, and wall temperature has little effect on the development of fundamental mode. This also indicates Mack [36] holding that cooling wall could be regarded as disturbance source has its rationality. Thus, wall temperature has an important influence on the evolution of disturbance wave in boundary layer. It plays an important role in determining the stability of hypersonic boundary layer even laminarturbulent transition under a freestream pulse wave.
Conclusions
To analyze the stability characteristic of the hypersonic boundary layer over a blunt wedge for a slow pulse wave in freestream the evolution of disturbance wave modes in boundary layers under a freestream pulse and a continuous wave have been compared. The effects of wall temperature on stability of boundary layer have also been investigated.
Both for pulse wave and continuous in freestream,
waves inside the nose boundary layer are mainly a fundamental mode. The Fourier amplitude of pressure disturbance mode in the boundary layer for a pulse wave is much smaller than that for a continuous wave. The frequency band for the former is wider than that for the latter; it means the disturbance energy in the boundary layer for a pulse wave is transferred from both fundamental frequency and harmonic frequency to other modes. The transformation of the dominant mode for a pulse wave appears much earlier than that for a continuous wave.
2. For a freestream pulse wave, the patterns of disturbance waves outside and inside the boundary layer are different. During the development of the disturbance wave along the streamline in the boundary layer, different frequency disturbance modes present different changes: some continuously grow, some decay, and some firstly grow and then decay. All disturbance modes decay rapidly along the streamwise in the nose boundary layer. In the non-nose boundary layer, the fundamental mode keeps stable and seldom grow; the second harmonic mode grows continually; for harmonic modes with an order greater than three, all firstly increase, and then some seldom grow and keep stable, and some even decay. In general, along the flow direction the ratio between low frequency component and high frequency component transform quickly, and the high frequency component increases and the low frequency component decreases. The frequency band narrows around the second hypersonic mode along the streamwise. Keen competition and energy transformation exists among different modes in boundary layer.
3. Wall temperature modifies the profiles of thermodynamics variables in the boundary layer and the thermal conduct mechanism of the boundary layer, which will change the stability characteristic of the hypersonic boundary layer. Wall temperature presents little effect on the development of fundamental modes. Cooling wall accelerates the growth of the high frequency mode as well as the dominant mode transformation from the fundamental mode to make the second harmonic mode.
